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Protein kinases play a central role in signal transduction in all organisms and to study signal transduction in response to salt
stress we have identified and characterized a gene encoding a protein kinase that is induced by salt stress and abscisic acid
(ABA) in the salt-tolerant wild wheatgrass Lophopyrum elongatum (Host) A. Love. The product of the early salt stress-induced
gene, Esi47, was found to belong to the “novel Arabidopsis protein kinase” group of plant serine/threonine protein kinases.
Transient gene expression assays in barley aleurone tissue showed Esi47 to suppress the gibberellin induction of the barley
low-pl a-amylase gene promoter, thus providing evidence for the role of this protein kinase gene in plant hormone signaling.
Esi47 contains a small upstream open reading frame in the 5-untranslated region of its transcript that is implicated in
mediating the repression of the basal level of the gene expression and in regulating the ABA inducibility of the gene, as
shown in the transient gene expression assay in maize callus. Three Arabidopsis homologs of Esi47 were identified, and
different members of this clade of genes showed differential patterns of regulation by salt stress and ABA in Arabidopsis
roots and leaves. At least one of the Arabidopsis homologs contains a small open reading frame in its 5’-untranslated region,

indicating that the unusual regulatory mechanism identified in Esi47 may be widely conserved.

Grass species include the most important crop
plants for world food production. They also have a
rich degree of genetic variation for adaptation to
extreme environmental stress conditions, including
high salinity, high and low temperatures, and
drought. This genetic variation is likely the cause and
the result of their importance as crop species. As
cereals were spread from their centers of origin by
trade and human migration, they came to be adapted
to cultivation in a wide range of climatic conditions.
A genetic basis for tolerance to extreme environmen-
tal stress is still more striking among the wild rela-
tives of the cultivated cereals. They are a valuable
resource in studying the basis of stress tolerance and
the advent of transgenic methodologies make these
species a rich potential source of genes for the im-
provement of crop species. The impact on environ-
mental stress tolerance of the collective genetic
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model of the grasses will likely be significant within
the Triticeae, including wheat, barley, rye, and re-
lated wild relatives. These species share a high de-
gree of DNA sequence similarity and conservation of
genome structure and gene order (Devos and Gale,
1997, 2000) and they have a high degree of genetic
variation for tolerance to environmental stresses
(McGuire and Dvorédk, 1981; Ellis et al., 2000).

Several genes have been identified that are in-
duced in the roots of the wild wheatgrass Lophopy-
rum elongatum (Host) A. Love (syn. Elytrigia elongata
[Host] Nevski, Agropyrum elongatum Host) within
6 h of the commencement of salt stress and have
been designated as early salt stress-inducible genes
(Esi; Gulick and Dvordk, 1990, 1992). In this study
we report the characterization of Esi47, which en-
codes a protein Ser/Thr kinase. L. elongatum is a
highly salt-tolerant species that occurs naturally in
salt marshes of the Mediterranean region (McGuire
and Dvotdk, 1981). This diploid species (2n = 2x =
14) has a close phylogenetic relationship to culti-
vated bread wheat and gene mapping to the level of
the chromosome arm indicates colinearity of the two
genomes (Dubcovsky et al., 1994). L. elongatum has
been hybridized to salt-sensitive wheat and the oc-
taploid amphiploid derived from the cross is able to
grow, flower, and set seed when it is grown in 250
mwm NaCl (Dvo#dk and Ross, 1986).
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Salt stress poses two primary challenges to a
plant: ion toxicity and lowered water potential (Ser-
rano and Gaxiola, 1994). The aspect of diminished
water potential is shared with other environmental
stresses, namely drought and low temperature
stress (Bohnert et al., 1995; Ingram and Bartels, 1996;
Bray, 1997). The altered level of expression of many
genes is thought to be responsible for stress adap-
tation and tolerance. A number of genes that are
induced by salt stress have been identified and
many of these have also been found to be induced
by drought and low temperature (Bohnert et al.,
1995; Ingram and Bartels, 1996; Bray, 1997; Shi-
nozaki and Yamaguchi-Shinozaki, 1997). Mecha-
nisms of tolerance vary in expression between spe-
cies and between tissues at different stages of
development (Colmer et al., 1995). The complexity
of the genetic basis of salt tolerance underscores the
importance of the signal transduction mechanisms
by which plants perceive and respond to salt stress.
The understanding of the signal transduction path-
ways of the stress response will likely lead to the
identification of key components that regulate the
genetic response of the plant in a global manner.

The plant hormone abscisic acid (ABA) is an im-
portant intermediate in transducing signals of os-
motic stresses since the ABA levels are often ele-
vated upon stress and most, although not all, of the
stress-responsive genes are also induced by external
ABA treatment (Skriver and Mundy, 1990; Bray,
1997; Shinozaki and Yamaguchi-Shinozaki, 1997;
Leung and Giraudat, 1998). ABA-insensitive mu-
tants, abi, display a range of phenotypes including
reduced seed dormancy, wilted seedlings, increased
sensitivity to desiccation, and diminished induction
of normally ABA-inducible genes. That ABI1 and
ABI2 encode protein phosphatases (Leung et al,,
1994, 1997; Meyer et al., 1994) indicates that protein
phosphorylation plays an important role in ABA
signaling pathways and is likely to be important in
other stress responsive pathways. Protein kinases
are recognized as having a central role in the control
of signal transduction and a number of stress- or
ABA-regulated protein kinase genes have been im-
plicated in stress and ABA signaling in plants. The
Ca”*/calmodulin-dependent protein kinase genes
from Arabidopsis, ATCDPK1 and ATCDPKla, acti-
vate the promoter of the barley stress-inducible
gene Houal when transiently expressed in maize leaf
protoplasts (Sheen, 1996). Mutations in the Arabi-
dopsis SNF1-like protein kinase gene SOS2 renders
plants hypersensitive to salt stress; the SOS2 gene is
able to activate a gene for plasma membrane
Na*/H™" antiporter probably in a Ca”*-dependent
manner (Halfter et al., 2000; Liu et al., 2000; Shi et
al., 2000). The wheat stress- and ABA-inducible
gene PKABA1 also encodes an SNF1-like protein
kinase and has been shown to mediate ABA-
promoted suppression of gene induction by gib-
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berellin (GA; Goémez-Cadenas et al.,, 1999). The
number and types of stress- and ABA-regulated
plant protein kinase genes identified has grown sub-
stantially with the completion of the Arabidopsis
genome sequencing. This allows us to investigate
any group or subgroup of kinases in the aspects of
their regulation and their involvement in stress and
ABA signaling.

In this paper we report the identification of the
protein kinase gene Esi47 from the wheatgrass L.
elongatum. It is most similar to a group of Ser/Thr
protein kinases designated only as novel Arabidop-
sis protein kinases (NAKs; Moran and Walker, 1993;
Hardie, 1999) for which no putative functions or
patterns of expression have been described. Esi47
was previously described as a partial cDNA clone
and was shown to be induced in the roots of L.
elongatum by NaCl treatment and to a lesser extent
by ABA treatment (Galvez et al., 1993). In compar-
isons among L. elongatum, wheat, and their amphip-
loid, the level of induction of the gene correlated
with the level of salt tolerance of the species (Galvez
et al.,, 1993). To study this stress-regulated protein
kinase we have isolated full-length ¢cDNA and
genomic DNA for Esi47 and have assessed its in-
volvement in plant hormone signaling. Esi47 is
shown to suppress the GA activation of gene expres-
sion in barley aleurone and, therefore, might be
involved in the same signaling pathway as that for
PKABA1 (Gémez-Cadenas et al., 1999). In addition,
the ABA regulation of Esi47 itself involves elements
in the 5’-untranslated region (UTR) of its transcript.
We have also identified the Arabidopsis homologs
of Esi47 and we demonstrate that salt stress and
ABA differentially regulate them.

RESULTS

Esi47 Encodes a Plant NAK Group Protein
Ser/Thr Kinase

The original Esi47 cDNA clone isolated from the
subtractively enriched cDNA library had an insert
size of 810 bp, whereas the northern-blot hybridiza-
tion analysis revealed an mRNA band of about 1.7
kb (Gulick and Dvotak, 1990, 1992). This cDNA
insert was used as probe to isolate full-length cDNA
clones for the Esi47 gene from a cDNA library de-
rived from mRNAs of L. elongatum roots treated
with 250 mM NaCl for 6 h. Among the positive
clones selected, the longest cDNA insert was 1.8 kb
in length and contained a major open reading frame
(ORF) of 1,299 bp, which translated into a protein of
433 amino acid residues with a molecular mass of
49,380 D. The deduced amino acid sequence of the
gene product shows similarity to plant protein Ser/
Thr kinases and contains a catalytic domain of 281
amino acid residues (Fig. 1). The amino and car-
boxyl terminal non-catalytic domains have 89 and
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MQCFRFASWEKEREEELQGPARSQSALSNS 30
SMSTDRDARRSGSECCSLTVSSEISVDSFEG 60
RYRQLSLPHRPNNDLRIFTFQELKSATRSE 90
SRALMIGEGGFGCVYRGTIQSTLEPRRSLD 120
VAIKQLGRKGLOGHKEWVTEVNFLGVVDHP 150
NLVKLIGYCAEDDERGIQLLLVYEFMPHGS 180
LADHLSTRSPKPASWAMRLRVALDTARGLK 210
YLHEDSEFKIIERDLKPSNILLDENWNAKL 240
SDFGLARLGPQEGSHVSTAVVGIIGYAAPE 270
YIHTGRLSSKNDIWSYGVVLYELLTGRRPL 300
DRNRPRGEQNLVEWVKPYSSDTKKFETIMD 330
PRLEGNYNLKSAARIASLANKCLVRHARYR 360
PKMSEVLEMVQKIVDSSDLGTPERPLISHS 390
KKLASDEKKRKGLNLKRRIADIKAGDGRWE 420
RWHKWTPKLVRTQ 433

Figure 1. Esi47 encodes a protein Ser/Thr kinase-like protein. The
amino acid sequence is deduced from the nucleotide sequence of the
Esi47 cDNA (GenBank accession no. AF131222). The catalytic do-
main is underlined. The amino acid residues conserved in all protein
Ser/Thr kinases and protein Tyr kinases (Hanks and Quinn, 1991) are
shown in bold letters; the positions at which the Esi47 gene product
has an amino acid residue other than the one conserved in protein
Tyr kinases (Hanks and Quinn, 1991) are highlighted.

63 amino acid residues, respectively (Fig. 1). The
catalytic domain of Esi47 contains all the invariant
amino acid residues conserved in all protein Ser/
Thr kinases; in contrast, it does not have seven of
the residues conserved in protein Tyr kinases (Fig.
1; Hanks et al., 1988; Hanks and Quinn, 1991).

A comparison of the Esi47 amino acid sequence
with those of the proteins in the sequence databases
showed that the Esi47 protein is most similar to three
putative protein Ser/Thr kinases predicted from the
Arabidopsis genome sequence. These Arabidopsis
kinases, F8A24.12, F12E4.50, and T7F6.28, have 59%,
59%, and 54% overall amino acid sequence identity
with Esi47, respectively, and have 70%, 70%, and 68%
identity, respectively, within the catalytic domain.
The most similar plant protein kinase to Esi47 for
which some functional description is available is the
Arabidopsis protein APK1 (Hirayama and Oka,
1992), which shows 45% and 54% sequence identity
in whole protein and in catalytic domain to Esi47,
respectively. Furthermore, 10 proteins most similar
to Esi47 were retrieved from the protein databases
by BLASTP search. These kinases and representa-
tives from several major groups of plant protein
kinases were used to build a phylogenetic tree (Fig.
2). The tree clearly shows that Esi47, along with
F8A24.12, F12E4.50, T7F6.28, and APK1, belong to
the NAK group of plant protein Ser/Thr kinases
(Hardie, 1999). Esi47, F8A24.12, F12E4.50, T7F6.28,
and another Arabidopsis putative protein kinase,
T914.2, cluster in a clade other than the one that
includes APK1 and NAK (Fig. 2). Therefore, Esi47
represents a unique subgroup in the NAK group of
plant protein kinases.
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The Esi47 Gene Contains a Short Upstream ORF and a
5'-UTR Intron

Genomic clones for Esi47 were isolated from an L.
elongatum genomic DNA library. The sequence of the
Esi47 genomic DNA was determined from 3 kb up-
stream to 0.5 kb downstream of the protein kinase-
coding region. The transcription initiation site was
determined by primer extension with an antisense
primer 64 bp downstream of the first nucleotide of
the longest cDNA insert (Fig. 3). The extension prod-
uct was 75 bp. Therefore, the longest cDNA insert
obtained only lacks 11 bp of the transcribed sequence
at the 5’ end (Fig. 3). Alignment of the cDNA and the
genomic sequences of the Esi47 gene revealed that
the gene has four introns. The first intron is 312 bp in
length and is located in the 5'-UTR (Figs. 3 and 4).
The other introns are in the coding region and their
lengths are 171, 142, and 602 bp, respectively (Fig. 4,
sequence not shown). The DNA sequence in the ex-
ons is identical to the cDNA sequence. In addition,
Esi47 contains a short ORF of 51 bp upstream of the
5'-UTR intron and the protein kinase ORF (Figs. 3
and 4). This upstream ORF (uORF) can be translated
into a sequence of 17 amino acid residues that has no

Esi47 (AF131222) J
_L_r— F8A24.12 (AC015985)
H — F12E4.50 (AL162751)
—— T7F6.28 (AC005770)
—— T914.2 (AC005315)

T22N4.7 (AC010676)
r _ — APK2b (D88207)
: U L APK2a (D88206)

J — T22E16.110 (AL132975)
T —— NAK (L07248)
—— APK1(D12522)

ARSK1 (L22302) ]

Ptil (U28007)
LECRKI1 (AF001168)  lectin domain RLK

+ NAK group

| ERECTA (U47029) *  LRRRLK
L RPKI (U55875) LRR RLK
Pto (U59316)
| RLK1 (M84658) S-domain RLK
L CTRI(L08789) Raf-like PK

PKABA1 (M94726) SNF1-related PK

|
jl MAP2Ko: (Y07694)

CDPKI1 (D21805) CDPK
MAPKK

CDC2a (D10850) CDK

MPK1 (D14713) MAPK

GSKI1 (AF019927) GSK3/shaggy

Figure 2. Esi47 belongs to a unique subgroup of the plant NAK group
protein kinases. The amino acid sequences of the catalytic domains
of the protein kinases shown were compared by the CLUSTAL
method (Higgins and Sharp, 1988). The kinase groups, according to
Hardie (1999), are indicated in the right column. The kinases in the
NAK group, except for ARSK1, which are the most similar proteins to
Esi47, were determined by BLASTP search in the databases. The
database accession numbers for the genes encoding the kinases are
shown in brackets. The two disease-resistance related protein ki-
nases, Pto (Martin et al., 1993) and Pti1 (Zhou et al., 1995), are from
tomato; the SNF1-related protein kinase PKABA1 (Anderberg and
Walker-Simmons, 1992) is from wheat; the rest, except for Esi47, are
from Arabidopsis. RLK, Receptor-like kinase; LRR, Leu-rich repeat;
PK, protein kinase, CDPK, Ca®*/calmodulin-dependent kinase;
MAPK, mitogen-activated protein kinase; MAPKK, mitogen-activated
protein kinase kinase.
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Esi47 (Lophopyrum elongatum)
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AGCAAGCAGARAGAGACAGCCCGAAGCAGGGGCCGGCCATCCATTGACCTACTAACTACGCAATCCAATA
TCCARAATCCCGTACCCTGAACCAGAAGCAGCCGCGTCTTICTTCCTCCCAACCCCATGTGGGGGAGGCTCA

i
GCTAGGTGGCTTTGCCCAGGTGAGCAGGRAARCGACCCGCCCCGTGAAGAGAGCTTCGTGTCTTTCAACTT
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GTTTCTGTCTGGCTGATCGTCTCCATGGGTGTCTGTTCTGGTCCTGGTGGCTTCCTTTCGTCGACCGTCC
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F8A24.12 (Arabidopsis thaliana)
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agtcaaagttctttatgttgctgttgggttttagtttattggaatcaacttgecgaaatttgattactttt
agcttcgagatcceccttctattactcactggaacttagggtttgtgttacttggaaaagaatttggatcty
ttgggtctaaaggccttcctectetgttaagtggttttgtacttgggggaageettaactttggaaatget
tgtactttgcagattagttgttcgataatatgcttcaatggttttgattttgtggttcggtatatgttat
atgatcattatcagTGTTTTATTGGTGTCCTGCAGTGGACAAACATCGGTATTTTAATCTCCTCTCGATA
ATGAAGTGTTTCTTGTTCTCTGGTGGGGATAAGAGAGGGGAACAGAAGACCCCTATTTCGGTTTCATTGA
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Figure 3. F£si47 and its Arabidopsis homologous gene F8A24.12 are similar in gene structure. The genomic DNA sequences
corresponding to the 5-UTRs of the two genes are shown. The bold letters indicate mRNA transcript region sequences
confirmed by cDNA clones or the primer extension result. The transcription initiation site for Esi47 determined by primer
extension is indicated by the arrow. The 5’-UTR introns are shown in lowercase letters. The uORFs are underlined and the
peptides they might encode are shown in italic letters below. The amino terminal amino acid sequences encoded by the
major protein kinase ORFs are also shown. The first nucleotide of the kinase coding regions are designated positions +1.
The GenBank accession numbers are AF339747 (Esi4d7 genomic sequence), AC0O15985 (F8A24.12 genomic sequence), and
Al1993614 (cDNA sequence for F8A24.12 derived from the EST clone 701496785).

similarity to any of the protein sequences in the
GenBank database (Fig. 3). The uORF and the major
protein kinase ORF are separated by 33 nucleotides
in the Esi47 mRNA.

Esi47 Represses the GA Response in Barley Aleurone

To assess if Esi47 has any regulatory activity in
plant hormone signaling, barley aleurone was used
as host for transient gene expression assay with par-
ticle bombardment for DNA delivery. As a control a
mutant form of Esi47 was engineered in which the
Lys-124 residue was changed to GIn (K124Q) to abol-
ish the kinase activity since the Lys residue at this
position is critical for the phosphate transfer by pro-
tein kinase (Hanks et al., 1988). The Esi47 protein
kinase-coding region or its K124Q mutant form was
placed under the control of the strong and constitu-
tively active promoter and the 5-UTR intron of the

1432

rice actin gene, Actl (McElroy et al., 1990), to form the
effector gene constructs Actl-Esi47 or Actl-
Esi47%'**2 The influence of Esi47 on the activities of
the promoters of hormone-regulated genes fused to
the reporter gene for B-glucuronidase (GUS) could
thus be measured. The barley ABA-inducible Hval
gene promoter (Straub et al., 1994) and the barley
GA-inducible low-pl a-amylase gene promoter were
the two promoters tested in the forms of DNA con-
structs Hval-GUS and Amy-GUS, respectively.

The Hval-GUS chimeric gene was responsive to
ABA in barley aleurone since the GUS activity was
induced 27-fold by treatment with 20 um ABA com-
pared with the untreated tissues (Fig. 5). Cobom-
bardment of Hoal-GUS with Act1-Esi47 did not show
any significant effects on the Hval promoter when
the aleurone tissues were not treated with ABA.
Moreover, in the presence of Act1-Esi47 the induction
of Hual-GUS by ABA was 28-fold, which was very

Plant Physiol. Vol. 125, 2001
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Figure 4. Schematic diagrams of the structures of Esi47 and its
Arabidopsis homologous genes. [], Untranslated exons; B, protein
kinase ORFs; &, uORFs; boxes with dotted lines, hypothetical 5'-
UTRs for which no cDNA sequence is available; inverted “V,” in-
trons. For the EST clone representation, solid thick lines represent
sequenced parts of cDNA insert of EST clone; dashed thick lines
represent unsequenced parts of cDNA. The chromosomes on which
the Arabidopsis genes are located are indicated in brackets. The
introns of Esi47 are numbered as I-1, -2, 1-3, and I-4. Introns of the
Arabidopsis genes shown in the region not confirmed by cDNA
sequences are predicted by gene annotation as provided in the
GenBank entries. The regions are not drawn to scale.

similar to the induction rate in the absence of Act1I-
Esi47 (Fig. 5). However, when the GUS values are
compared, Actl-Esi47 caused a minor, though sta-
tistically significant (P = 0.014), 24% reduction of
the GUS activity in the ABA-treated aleurone. Act1-
Esi47'**Q had no effect on the Hval promoter ac-
tivity or the ABA induction of the Hual gene (Fig. 5).
This mutant form of Esi47 also showed no signifi-
cant difference from the wild-type Esi47 gene in the
GUS activities controlled by the Hwval promoter,
regardless of ABA treatment (Fig. 5).

The GUS activity controlled by the barley a-amylase
gene promoter could be induced 55-fold by treatment
of 1 uM of GA when the barley aleurone tissues were
bombarded with the DNA construct Amy-GUS (Fig.
5). Cobombardment with the DNA construct Actl-
Esi47 did not affect the basal level activity of the
a-amylase gene promoter. However, Actl-Esi47
caused the GA induction of the gene promoter to be
reduced to only 16-fold. That was a significant and
dramatic 77% decrease of the GUS activity produced
by the a-amylase gene promoter in GA-treated aleu-
rone compared with the assay without Act1-Esi47 (Fig.
5). Such inhibition by the Esi47 gene on the GA induc-
tion of the barley a-amylase gene promoter could be
partially relieved when the K124Q) mutant form of the
Esi47 gene replaced the wild-type Esi47 in the assays.
In the presence of the construct Actl-Esi47<'**Q the
GA induction of the a-amylase gene promoter was
36-fold. Act1-Esi475'**Q caused a 48% decrease of the
GUS activity controlled by the a-amylase gene pro-
moter compared with the assay without Actl-
Esi475'**Q in the GA-treated barley aleurone (Fig. 5).
These data indicate that the Esi47 gene inhibits the GA
induction of the a-amylase gene in barley aleurone.
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The 5'-UTR Mediates the Repression and ABA-
Induction of the Esi47 Gene

The 5’-UTR intron and uORF of the Esi47 gene
were tested for potential roles in mediating regula-
tion of Esi47 expression. Maize callus tissue was used
as host for transient expression assays through biolis-
tic DNA delivery. The 3-kb Esi47 genomic DNA frag-
ment immediately upstream of the protein kinase
ORF start codon was fused with the 5'-UTR intron
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Figure 5. Influence of Esi47 on the promoter activities of the plant
hormone-inducible genes in barley aleurone. Barley aleurone layers
were bombarded with the gene constructs indicated. The effector
constructs were Actl-Esi47 (the Esi47 protein kinase-coding region
controlled by the promoter and 5’-UTR intron of the rice actin-1 gene
Actl) and Actl1-Esi475'?4Q (same as Act1-Esi47, but Esi47 contains
the K124Q mutation). A, The barley ABA-inducible HvaTl gene pro-
moter was fused to the reporter gene for GUS to form the reporter
construct Hva1-GUS and the bombarded tissues were treated with 20
um ABA for 24 h as indicated. B, The barley GA-inducible a-amylase
gene promoter was fused to the reporter gene for GUS to form the
reporter construct Amy-GUS and the bombarded tissues were treated
with T um GA for 24 h as indicated. In both experiments the controls
were not treated with ABA or GA. In all assays GUS activities were
measured and normalized against the luciferase activities cobom-
barded into the barley aleurone. The values are averages of four
independent shootings and the sbs are shown as error bars. The
induction rates by ABA or GA are also shown.
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from the rice actin-1 gene, Act1, and the reporter gene
for GUS (Esi47-Act1-GUS). Modifications of the Esi47
sequence included the removal of the 5'-UTR intron
(Esi47*""-Act1-GUS); the corruption of the uORF by
removing the A and T nucleotides of the ATG start
codon (Esi47*"9RF-Act1-GUS); the removal of the 5'-
UTR intron and the corruption of the uORF ATG
codon (Esi47”1 A4ORF_Act1-GUS). The 5’-UTR intron
of the rice Actl gene was used to increase the basal
level of gene expression (McElroy et al., 1990). The
unmodified upstream sequence of Esi47 caused a
2.6-fold increase of the GUS activity in response to
the treatment of 20 um ABA for 48 h (Fig. 6). The
5-UTR intron of Esi47 showed no effects on the GUS
activities in control and ABA-treated maize calli (Fig.
6). However, disruption of the Esi47 uORF increased
the basal level of the GUS activity also by 2.6-fold
(Fig. 6). Moreover, disruption of the uORF resulted in
the loss of the ABA inducibility of the Esi47 gene (Fig.
6). Therefore, the uORF or the DNA sequence around
its ATG codon mediates the repression of the basal
level of the Esi47 gene expression and ABA could
relieve such repression. The influence of the uORF on
GUS expression was observed in comparisons of con-
structs  Esi47-Act1-GUS with Esi47"“%"-Act1-GUS

700

D control .ABA
600
500
400

300 I

Relative GUS activity

200 r

100 |

0
Esid47- Esiqg7440RT_ Fgig 741l Egiq 74F-LAuORF_
Actl-GUS  Actl-GUS Actl-GUS Actl-GUS

Figure 6. Involvement of the elements in the 5'-UTR of Esi47 in the
regulation of its expression. Maize callus tissues were bombarded
with DNA constructs as indicated. Esi47-Act1-GUS is the fusion of
the 3-kb Esi47 fragment immediately upstream of the translation
initiation of the protein kinase ORF with the 5’-UTR intron from the
rice actin-1 gene Act1 and the reporter gene for GUS. Esi4 7" -Act1-
GUS is the same as Esi47-Act1-GUS except the 5'-UTR of Esi47 has
been removed. In Esi472“CRF-Act1-GUS the ATG codon of the uORF
of Esi47 has been corrupted, and in Esi47*""!" 24ORF_Act1-GUS both
the 5’-UTR intron has been removed and the uORF has been cor-
rupted. After DNA delivery the callus tissues were treated with 20 pum
ABA for 48 h as indicated; tissues for control were not treated. GUS
activities were measured and normalized against the luciferase ac-
tivities cobombarded to the callus. The values are averages of four
independent shootings except for the construct Esi47-Act1-GUS with
which eight shootings were carried out. The sps are shown as error
bars.
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and in Esi47%""-Act1-GUS with Esi47°"" A"ORF-Act1-
GUS; that is, in the presence and absence of the
5'-UTR intron of Esi47 (Fig. 6).

The Arabidopsis Homologs of Esi47 Are Differentially
Regulated by NaCl and ABA

The gene sequences with the highest similarity to
ESI47 that are currently available in the GenBank
non-redundant database are from Arabidopsis. In the
sequence similarity tree shown in Figure 2 Esi47 clus-
ters with F8A24.12, F12E4.50, and T7F6.28 in a mini-
mal clade. F8A24.12, F12E4.50, and T7F6.28 are lo-
cated in the Arabidopsis chromosomes 3, 5, and 2,
respectively. F8A24.12 and F12E4.50 are derived from
a duplication of segments in chromosomes 3 and 5, as
indicated by the profound similarity of the bacteria
artificial chromosome clone (F8A24 and F12E4 or
MOK16, respectively) sequences encompassing the
two genes (Blanc et al., 2000). Because the genome
sequence of Arabidopsis has been completely deter-
mined, it can be concluded that these three genes are
the Esi47 homologs in Arabidopsis. Coding sequence
prediction indicates that all the three genes contain
three introns in their coding regions at exactly the
same positions as in the Esi47 gene (Fig. 4). Expressed
sequence tags (ESTs) exist in the GenBank database
for these Arabidopsis protein kinase genes. One of
the ESTs for F8A24.12 (GenBank accession no.
AI993614, derived from the clone 701496785), in-
cludes the 5’-UTR of the gene. Comparing the 5'-UTR
sequence with the corresponding genomic sequence
of the F§A24.12 gene reveals that this gene, like Esi47,
also has a small uORF and a 5'-UTR intron that
separates the uORF and the protein kinase ORF (Figs.
3 and 4). The length of the F8A24.12 uORF (27 bp), its
sequence, and its distance to the kinase ORF in the
mRNA (125 nucleotides) are different from those of
the Esi47 gene (Fig. 3). The 338-bp 5'-UTR intron of
F8A24.12 does not show any sequence similarity to
that of the Esi47 gene (Fig. 3). However, the order of
these elements is conserved between the L. elongatum
gene Esi47 and the Arabidopsis gene F8A24.12. The
EST clones available for FI12E4.50 and T7F6.28 are
partial length cDNAs and are too short to determine
the presence of any uORFs or introns in their 5'-UTRs
(Fig. 4).

Regulation of the expression of these Arabidopsis
Esi47 homologous genes was analyzed by northern-
blot hybridization with RNA samples from hydro-
ponically grown Arabidopsis plants. In leaves the
expression of the three genes was very weak when
the plants were not treated, and only F8A24.12 was
induced by the treatment of 250 mm NaCl (Fig. 7). In
roots, all three genes were slightly expressed in con-
trol plants and the gene expression was differentially
regulated by NaCl and ABA. F8A24.12 was induced
by treatment of 250 mM NaCl within 6 h, but not by
treatment of 100 um ABA in roots (Fig. 7). Though
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Figure 7. Northern-blot analysis of the expression of the Arabidopsis
genes homologous to Esi47. Total RNA samples from roots or leaves
of hydroponically grown Arabidopsis plants were analyzed. The
plants were untreated or treated with 250 mm NaCl or 100 um ABA
for various durations, as indicated. The cDNA inserts from the EST
clones for the Arabidopsis genes as indicated were isolated and
labeled with *2P as probes. The EST clones for the genes F8A24.12,
F12E4.50, T7F6.28, AtP5CS1, and 185 rRNA are F3A9T7, 311H3T7,
193H7T7, FAFM64, and 40F8T7, respectively. The control probe,
AtP5CS1, was used as an example of a previously characterized
NaCl- and ABA-inducible gene.

F8A24.12 was induced in roots and shoots by NaCl
treatment, the patterns of expression were different
in the two tissues. Induction in roots was high after
6 h of treatment, but had declined by 24 h, whereas
the pattern of expression in the leaves was biphasic
with gene induction apparent at 2 and 24 h, but not at
6 h. The reliability of the latter result was confirmed
by the control probe, AtP5CS1 for A'-pyrroline-5-
carboxylate synthetase (Yoshiba et al., 1995), a salt
stress-inducible gene that showed a normal linear
pattern of induction when used on the same blot (Fig.
7). In contrast, T7F6.28 was not induced in roots by
NaCl treatment, but could be induced by ABA treat-
ment as early as 2 h (Fig. 7). For F12E4.50 two tran-
script bands of 1.8 and 2.4 kb were detected (Fig. 7).
This is not likely due to cross-hybridization with a
transcript from a related gene since the probe was
derived from the EST clone 311H3T7 that corre-
sponds to the 400-bp at the 3’ end of the transcribed
sequence of F12E4.50 and has only 61% sequence
similarity with the other Arabidopsis homologues.
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The levels of the two transcripts were not elevated
within 6 h after the onset of any treatments, but they
showed elevated levels 24 h after the start of NaCl
and ABA treatments (Fig. 7). The fact that the three
genes did not show overlapping expression patterns
and that these genes are the most related members in
a cluster in the phylogenetic tree based on the com-
pleted sequence of the Arabidopsis genome (Fig. 2)
indicates that the expression patterns revealed by the
northern analysis are specific to each gene.

DISCUSSION
Esi47 Is a Plant NAK Group Protein Kinase Gene

By comparing the deduced amino acid sequence of
the Esi47 gene product with those in GenBank and
other databases, it is apparent that Esi47 belongs to
the protein kinase gene family since it shows very
high scores of similarity to many plant protein kinase
sequences. Hardie (1999) constructed a phylogenetic
tree of 89 Arabidopsis protein kinases based on the
comparisons of the amino acid sequences of the cat-
alytic domains of the kinases. The grouping from the
tree agreed well with the biochemical and cellular
properties of the kinases. In this study a phylogenetic
tree was also built with the amino acid sequences of
the catalytic domains of Esi47 and its similar kinases
(Fig. 2). This tree shows that the protein kinases that
are most similar to Esi47 all belong to the NAK
subfamily of plant protein kinases. This group was
designated after the Arabidopsis gene NAK, which is
the first gene identified in this group (Moran and
Walker, 1993) and which was named for its novelty,
but for which no function or characteristic expression
pattern has been described. Like Esi47, the NAK
group protein kinases all have a central catalytic
domain flanked by short non-catalytic amino and
carboxyl domains. Esi47 clusters with four Arabidop-
sis kinases, F8A24.12, F12E4.50, T7F6.28, and T914.2,
which form a distinct clade. These Arabidopsis ki-
nases are predicted from the genome sequence, and
EST clones have been identified for three of them,
F8A24.12, F12E4.50, and T7F6.28. Predictions on in-
tron splicing sites revealed that the four genes all
have three introns in the coding regions at exactly the
same positions as the introns determined for Esi47
(Fig. 4). The exon splice junctions of T7F6.28 were
confirmed by sequencing the cDNA insert of the EST
clone 193H7T7 (data not shown). In contrast, the
protein kinase genes in the adjacent clade that in-
cludes APK1 and NAK in the phylogenetic tree have
four introns in the coding regions, all at different
positions from those of Esi47 (not shown).

None of the protein kinase genes in the NAK group
has been investigated for roles in signaling, except
for the Arabidopsis gene ARSK1, which was only
shown to be up-regulated in roots by salt stress or
ABA treatment (Hwang and Goodman, 1995). This
study demonstrates cellular function for a member of
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this group of plant protein kinase genes by showing
that Esi47 is involved in the ABA-promoted suppres-
sion of GA action in barley aleurone.

Esi47 Is Involved in Plant Hormone Signaling

Protein kinases play key roles in detecting and
relaying developmental and environmental signals
for the regulation of specific genes and thus mediate
cellular responses to those signals. In this study we
transiently expressed Esi47 in barley aleurone to as-
sess its roles in plant hormone signaling. Species in
the Gramineae, including barley, wheat, and L. elon-
gatum, possess aleurone layer tissues in their seeds.
During seed germination, aleurone cells synthesize
and secrete a variety of hydrolytic enzymes for
breaking down and mobilizing nutrients stored in
endosperm starch, protein, and lipid. During germi-
nation GA in aleurone cells promotes the production
of the hydrolytic enzymes by up-regulating the genes
for these enzymes, whereas ABA prevents germina-
tion in part by inhibiting the GA action in the aleu-
rone tissues. The ease of obtaining the tissues and the
availability of a number of well-characterized ABA-
or GA-regulated genes from these tissues made the
barley aleurone a model system for studying the
ABA and GA signaling in plants (Lovegrove and
Hooley, 2000). Since Esi47 can be induced by ABA in
L. elongatum roots (Galvez et al., 1993), it may medi-
ate certain cellular processes related to ABA and its
antagonist GA in aleurone cells.

Our results showed that Esi47 had no effects on the
basal level expression of the ABA-inducible Hval
gene promoter (Fig. 5). There was no significant ef-
fect on the degree of induction of the promoter by
ABA. Though the 24% inhibition by Esi47 on the
absolute level of GUS expression driven by the Hval
gene promoter in aleurone tissues treated with ABA
was slight, it was nevertheless statistically significant
(P = 0.014, Fig. 5). However, there is no significant
difference between the effects of the Esi47 gene and
its K124Q mutant form on the Hoal promoter in the
ABA-treated aleurone tissues. There is also no differ-
ence between the assays with Act1-Esi47<'**Q and the
assays without effector DNA (Fig. 5). Therefore, the
relationship between Esi47 and the ABA induction of
Hoal needs to be investigated in another indepen-
dent way.

Esi47 also had no influence on the activity of the
low-pl a-amylase gene promoter when the tissues
were not treated with GA, but it substantially re-
duced the GA induction of the a-amylase gene pro-
moter (Fig. 5). Moreover, such inhibition of GA ac-
tion might be partially dependent on the protein
kinase activity of the Esi47 gene product since the
K124Q mutant form of the Esi47 gene had a much
less degree of inhibition on the GA induction of the
a-amylase gene promoter (Fig. 5). Thus, the effects of
Esi47 in barley aleurone are very similar to those of
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the wheat gene PKABA1, which encodes an SNF1-
related protein kinase (Fig. 2). PKABAI had been
shown to inhibit the GA induction of a number of
barley genes for hydrolytic enzymes, including low-
and high-pl a-amylases and a Cys proteinase
(Gémez-Cadenas et al., 1999). Like Esi47, PKABAI is
induced by ABA, salt, and water deficit stresses
(Anderberg and Walker-Simmons, 1992; Holappa
and Walker-Simmons, 1995). Thus, the two kinase
genes likely participate in the same cascade of sig-
naling pathway or in two independent pathways that
inhibit the GA induction of the expression of genes
for hydrolytic enzymes. The transcripts for the
PKABAI-like gene in barley aleurone could be de-
tected and the levels could be elevated by ABA treat-
ment. Esi47 is only known to be induced by ABA or
stress in vegetative tissues (Galvez et al., 1993). In
this study confirmation on whether the barley ho-
mologous gene of Esi47 is induced by ABA in aleu-
rone was not attempted. Since the Esi47 gene showed
effects on gene expression in aleurone, it could be
assumed that at least the pathway downstream of the
Esi47-like gene is present in seed aleurone and is
susceptible to activation. Therefore, Esi47 and
PKABA1 could mimic ABA in suppressing the GA
induction of the genes for hydrolytic enzymes in
barley aleurone (Fig. 8).

Phospholipase D (PLD) has been shown to mediate
the ABA-promoted suppression of GA action in aleu-
rone tissues. Exogenous ABA could promptly induce
the PLD activity and the increase of the PLD activity
product phosphatidic acid in barley aleurone proto-
plasts (Ritchie and Gilroy, 1998). Treatment of aleu-
rone protoplasts with phosphatidic acid not only
caused inhibition of the GA-promoted production of
a-amylase, but enhanced the production of ABA-
induced gene products amylase subtilisin inhibitor

germination signal

$

ABA
l \PLD - —
v
RAB (dehydrin)

Hval

Esi47 I |
PKABAL1
v
a-amylase

Figure 8. A schematic diagram of the involvement of the Esi47 gene
in stress and hormone signaling. ABA increases the PLD activity,
which in turn suppresses the GA induction of the genes for hydrolytic
enzymes including a-amylase. ABA induces the expression of Esi47,
PKABAT, RAB, and Hval in a PLD-dependent or -independent fash-
ion. Esi47 and PKABAT suppress the GA induction of the a-amylase
gene depending on or independently of PLD activity.
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and the dehydrin proteins, mimicking the actions of
ABA. The rapid induction of the PLD activity by
ABA indicates that PLD might be an early compo-
nent in the ABA signaling pathway, leading to the
suppression of GA action and may act upstream of
Esi47 and PKABA1 (Fig. 8).

Such a model may be used as guide for further
investigation on the roles of Esi47 and PKABAI in
stress and ABA responses in vegetative tissues. Al-
though the genes may perform different cellular
functions in vegetative tissues from those in aleu-
rone, segments of the signaling pathways may be
well conserved. Because GA promotes cell growth, it
is an intriguing possibility that activation of Esi47 or
PKABA1 may cause transient cell growth arrest by
suppressing the GA-mediated functions upon salt
and water deficit stresses so as to allow cells to adjust
to the new, unfavorable environmental conditions.

Regulation of the Expression of Esi47 and Its
Arabidopsis Homologs

Esi47 is up-regulated by salt and ABA in roots of L.
elongatum and wheat (Gulick and Dvordk, 1992;
Galvez et al., 1993). The presence of an intron and the
more unusual small uORF in the 5'-UTR of the gene
suggests that these might play a role in the regulation
of gene expression. It is interesting to observe that
the structure of one of the Esi47-homologous genes in
Arabidopsis, F8A24.12, is the same as that of Esi47
(Figs. 3 and 4). Our analysis of gene expression in
maize callus showed that the DNA sequence around
the ATG start codon of the uORF mediates the re-
pression of the basal level expression of Esi47 and
such repression may be relieved by ABA (Fig. 6). This
experiment did not determine if the uORF sequence-
mediated gene repression was at the level of tran-
scription or translation. This might be solved by com-
paring the transcript levels of the GUS reporter gene
with the measured GUS activities, which represent
the gene expression at translational level.

It is possible that the RNA sequence surrounding
and including the AUG start codon for the uORF
represents a repressor element, for example, forming
a secondary structure that prevents the moving of the
ribosomal subunit. A more plausible explanation is
that translation of the uORF mediates the repression
of the gene and the modification of the AUG codon of
the uORF alleviated such repression. Upstream ORFs
occur in about 7% to 10% of the plant genes and have
been implicated in reducing the translation efficiency
of the downstream major ORFs, as demonstrated by
the maize Lc gene uORF (Damiani and Wessler, 1993;
Futterer and Hohn, 1996; Gallie, 1996). In the scan-
ning model for translation of plant mRNAs the ribo-
some subunit binds to the 5’ end of mRNA, moves
downstream, and initiates translation once it encoun-
ters the first AUG codon. The reinitiation at the AUG
codon for the downstream major ORF is partially or
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completely inhibited with the presence of uORF, and
consequently, the translation of the major ORF is
repressed. Reinitiation in the yeast GCN4 gene,
which contains four uORFs, is dependent on the
degree of phosphorylation of the translation factor
elF2a, and such phosphorylation is promoted by
amino acid deprivation in culture medium (Hinne-
busch, 1996). Such translational control by environ-
mental conditions may suggest a mechanism for the
probable uORF-mediated repression of the Esi47
gene since it is also regulated by environmental
stresses.

Different species may have similar genes, but their
unique characteristics may be due to the unique reg-
ulation of gene expression. Although the L. elongatum
Esi4d7 gene is inducible by salt stress and ABA in
roots, its three Arabidopsis homologous genes have
evolved specific salt and ABA regulation patterns.
F8A24.12 can be induced by NaCl, but not by ABA,
whereas T7F6.28 is ABA inducible, but not NaCl
inducible (Fig. 7). Only F12E4.50 is up-regulated by
NaCl and ABA, but the increase of F12E4.50 tran-
scripts is much slower than those of F8A24.12 and
T7F6.28 (Fig. 7). In contrast, the expression of
F8A24.12 in leaves is induced by NaCl, but not ABA;
neither of the other homologs is up-regulated in
leaves in response to either stress. It is likely that the
ancestral Esi47-like gene that existed before the sep-
aration of monocot and dicot plants was regulated by
salt stress and ABA in roots. The regulation patterns
of the three Arabidopsis Esi47 homologs indicate the
separation of the salt and ABA signaling pathways in
dicot plants. Such separation was facilitated by the
gene duplication that gave rise to F8A24.12 and
F12E4.50. It is not clear how the T7F6.28 gene
evolved. It is also interesting that there are two tran-
scripts with different sizes detected for FI2E4.50 in
Arabidopsis roots, but not in leaves (Fig. 7). There-
fore, a mechanism of alternative transcription or
RNA processing might exist for F12E4.50 as an addi-
tional level of gene regulation. Moreover, the bipha-
sic pattern of salt induction of F§A24.12 in leaf tissue
suggests that it is regulated by multiple signaling
pathways.

The study of the regulation of the Arabidopsis
Esi47 homologs by stress and ABA would advance
the investigation of the mechanisms of regulation of
the Esi47-like genes. For example, since the Esi47
uORF was shown to mediate gene repression and
ABA regulation, the similarity in the 5-UTR struc-
ture of Esi47 and F8A24.12 suggests that such a mech-
anism may be well conserved in the Esi47-like genes.
Further investigation of the regulation of the Arabi-
dopsis Esi47 homologs and the comparison with that
of the Esi47 gene and its possible emerging paralogs
in grass species would result in much information
not only about the mechanisms of gene response to
environmental stresses and plant hormones, but also
about the evolution of gene regulation. The partial
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sequence of an EST clone from bread wheat that
shows 94% nucleotide sequence identity to Esi47, and
is the apparent homolog of Esi47, has recently been
deposited in GenBank’s EST database (accession no.
BE518403). The accumulation of further DNA se-
quences in the ongoing genomic programs in the
grass species is likely to significantly expand our
current view of this protein kinase gene family in
monocot species.

MATERIALS AND METHODS
Plant Materials

Lophopyrum elongatum (Host) A. Love plants were grown
hydroponically in greenhouse as previously described (Gu-
lick and Dvotdk, 1987) and were treated with 250 mm NaCl
for 6 h before the roots were collected.

Arabidopsis Columbia ecotype strain Col-0 used in this
study was obtained from the Arabidopsis Biological Re-
source Center, Ohio State University (Columbus, OH). Ara-
bidopsis plants were grown hydroponically according to
Gibeaut et al. (1997) under light intensity of 5,000 lux at
22°C. The photoperiod for the first 5 weeks of growth was
8 h of light and 16 h of darkness, and plants were then
switched to constant light for 2 d before treatment with 250
mM NaCl or 100 um ABA. Plants were treated with NaCl or
ABA for 2, 6, and 24 h, and control plants were untreated.

RNA Extraction

Plant materials were ground in liquid nitrogen and sus-
pended in 0.2 M sodium borate, 30 mm EGTA, 2% (w/v)
SDS, and 1% (w/v) sodium lauroyl sarcosine, pH 9.0. Sam-
ples were extracted with phenol:chloroform (1:1, v/v) and
then with chloroform. RNA was precipitated with 2 m LiCl.
The RNA-containing pellets were dissolved in water and
reprecipitated with one-tenth volume of 3 M sodium ace-
tate, pH 6.0 and 2 volumes of ethanol and were then
dissolved in water. Poly(A)-RNA was purified with
poly(U)-Sephadex (Gibco-BRL, Gaithersburg, MD).

Library Construction and Screening

RNA samples from roots of L. elongatum treated with 250
mmM NaCl for 6 h were used for cDNA library construction
with the A Zap II vector (Stratagene, La Jolla, CA) accord-
ing to the protocol of the manufacturer. Inserts were li-
gated to the vector at the EcoRI site for 5" ends of cDNAs
and the Xhol site for 3’ ends. After screening the library
with the **P-labeled probe derived from the original partial
Esi47 ¢cDNA (Gulick and Dvotdk, 1992), cDNAs from the
positive clones were rescued in the pBluescript SK™ plas-
mid vector by the in vivo excision method according to the
protocol of the manufacturer.

L. elongatum leaf genomic DNA was partially digested
with Sau3A, such that most of the DNA fragments were in
the range of 10 to 20 kb, and was used in library construc-
tion with the A Fix II vector (Stratagene) according to the
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procedures recommended by the manufacturer. The re-
combinant DNA was packaged with the Gigapack Gold
packaging extracts (Stratagene). The Esi47 cDNA was used
as **P-labeled probe to isolate clones for Esi47. Positive
clones were purified and subcloned in the plasmid vector
pBluescript SK™. DNA fragments corresponding to the
Esi47 gene were identified by Southern analysis. Two over-
lapping subclones contain, respectively, a 3.3-kb Xhol frag-
ment for the 3-kb of DNA upstream of the coding region
and part of the coding region, and a 4.3-kb Kpnl fragment
for the 3’-flanking region and most of the transcribed
region.

Plasmid Construction

The Pfu DNA polymerase (Stratagene) was used for all
PCR. The Escherichia coli strain XL-1 Blue (Stratagene) was
used as host for the plasmids.

To obtain the K124Q mutant form of the Esi47 gene
product, PCR was carried out with cDNA clone. An A to C
change in the codon for Lys-124 was included in the primer
5'-GCACCCTCGAGCCGCGCCGAAGCCTCGATGTCGC-
CATCCAGCAGCTCG-3', which contains an Xhol site. The
antisense primer, 5'-CTCACAAGCTTGGGTGTC-3', is lo-
cated close to the translation termination site and included
a HindlIlI site. The PCR fragment was digested with Xhol
and HindIIl and was used to replace the corresponding
fragment of the wild-type cDNA.

For transient expression in barley aleurone, the Esi47
protein kinase ORF or its K124Q mutant form was PCR
amplified from the cDNA with the sense primer 5'-
AGCAGAAGATCTATGCAGTGCTTC-3' (with a Bg/II site)
and the antisense primer 5'-TCCATATCTAGAGTCA-
TTGTGTTC-3' (with an Xbal site). The PCR fragments were
digested with Bg/II and the end was made blunt by filling
with the Klenow enzyme, and was subsequently digested
with Xbal. Such DNA fragments were ligated to the Smal-
and Xbal-digested vector pCOR113, which contains the
promoter and the 5-UTR intron of the rice actin-1 gene
Actl (McElroy et al., 1991). The resulting plasmid con-
structs are designated Actl-Esi47 and Actl-Esid7<'**<,
respectively.

For transient expression in maize callus, the 3-kb Esi47
genomic DNA immediately upstream of the protein kinase-
coding region was amplified by PCR from the Esi47
genomic subclone. The sense primer was the M13 reverse
primer 5-AGCGGATAACAATTTCACACAGG-3', cor-
responding to a region close to the cloning sites in the
vector pBluescript SK™; the antisense primer was 5'-
GAAGCTCTAGAATCGCGCTTCTGCTTTG-3', which con-
tains an Xbal site. The PCR fragment was digested with
Xbal and Xhol (the latter is contributed by the multiple
cloning sites of pBluescript SK™) and ligated to the vector
pDMC205 (McElroy et al., 1995) digested with the same
pair of enzymes. The Esi47 sequence was thus placed up-
stream of the rice Actl gene 5'-UTR intron and the reporter
gene for GUS from the vector and formed the construct
Esi47-Act1-GUS. To corrupt the ATG codon for the Esi47
uORF, the genomic subclone was digested with Ncol
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whose site overlaps with the ATG codon. The cohesive
ends were then filled with dCTP, made blunt by treatment
with mung bean nuclease, and circularized by T4 DNA
ligase. Such a modified Esi47 upstream sequence was
cloned in pDMC205 in the same way for Esi47-Act1-GUS
to form Esid7*"“®"-Act1-GUS. To remove the Esi47 5'-
UTR intron, the 134-bp Ncol-PstI cDNA fragment that
encompasses the splicing site of the intron was used to
replace the corresponding genomic sequence in the genomic
subclone. The Esi47 genomic DNA without the 5'-UTR in-
tron was cloned in pDMC205 to form Esi474"'-Act1-GUS.
The Esi47 genomic sequence without the 5’-UTR intron was
also modified to corrupt the ATG codon of the uORF inthe
same way as mentioned above and the resulting genomic
DNA was cloned in pDMC205 to form Esi474""" AuORE
Act1-GUS.

Northern-Blot Analysis

Northern-blot hybridization was carried out according
to Sambrook et al. (1989). Twenty micrograms of total RNA
was separated in 1% (w/v) denaturing agarose gels con-
taining 6% (w/v) formaldehyde and 1X MOPS [3-(N-
morpholino)-propanesulfonic acid] buffer. RNAs were
then transblotted to the Hybond-N nylon filters (Amer-
sham, Buckinghamshire, UK) by capillary transfer using
paper towels. cDNA probes were **P-labeled with random
primers (Amersham) and used for hybridization with RNA
blots in 50% (v/v) formamide, 5X SSC, 5X Denhardt’s
solution, 0.5% (w/v) SDS, and 0.1 mg mL™! denatured
herring sperm DNA at 42°C for 20 h. The blots were
washed in 1X SSC, 0.1% (w/v) SDS at 50°C and x-ray films
were exposed for various time periods with intensifying
screens at —80°C. The EST clones used in this study were
obtained from the Arabidopsis Biological Resource Center.
They were F3A9T7 (F8A24.12), 311H7T7 (F12E4.50),
193H7T7 (T7F6.28), FAFM64 (AtP5CS1), and 40F8T7 (18S
rRNA). The probe for the 185 rRNA gene was included for
demonstration of equal loading of RNA samples.

Primer Extension

Ten picomoles of an antisense primer 5'-ACAACCGAC-
CAACCAACTGCTC-3" was end-labeled in a 10-uL. mixture
containing 50 uCi [y->*P]ATP (3,000 Ci mmol ', ICN, Irvine,
CA) and 6 units of T4 DNA kinase at 37°C for 30 min.
Approximately 5 X 10° cpm of the labeled primer was used
in the reverse transcription of 1.5 ug of poly(A)-RNA de-
rived from L. elongatum roots treated with 250 mm NaCl for
6 h. The primer and RNA were mixed with 1.5 uL of the 5X
reaction buffer (250 mm Tris-HCl, pH 8.3, 250 mm KCI, 20
mMm MgCl,, and 50 mm dithiothreitol) in a volume of 13 uL.
The mixture was heated at 68°C for 2 min and let to cool
slowly to 37°C. Then dATP, dCTP, dGTP, and dTTP were
added to 1 mMm each, along with 5 units of Moloney murine
leukemia virus reverse transcriptase (Pharmacia Biotech,
Piscataway, NJ) to make a final volume of 15 uL. The
reaction was carried out at 37°C for 1 h and was stopped by
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heating at 65°C for 10 min. Four microliters of the sample
was run on a 6% (w/v) polyacrylamide sequencing gel.

Transient Gene Expression

The procedures for DNA bombardment on barley aleu-
rone were carried out essentially according to Gémez-
Cadenas et al. (1999). The effector plasmids were Actl-
Esi47 and Actl-Esid75¥'**Q Two reporter plasmids were
used; one was Hval-GUS (QS264; Straub et al.,, 1994) in
which the promoter of the barley ABA-induced Hval gene
was fused to the reporter gene for GUS and the other was
Amy-GUS (MBL022; Lanahan et al., 1992) in which the
promoter of the barley GA-induced low-pl a-amylase gene
Amy32b was fused to GUS. Plasmid pAHC18 (Bruce et al.,
1989), which contains the ubiquitin gene promoter-
luciferase construct, was used as an internal control to
measure the DNA delivery efficiency. Each bombardment
included an effector plasmid, a reporter plasmid, and
pAHCIS; or as controls, only a reporter plasmid and
pAHCI18 were used in each bombardment. Embryoless
Himalaya barley half-seeds were used as target tissue.
After each bombardment, one-half of the half-seeds were
treated with 20 um ABA (in experiments with the Hval-
GUS reporter plasmid) or 1 um GA (in experiments with
the Amy-GUS reporter plasmid) for 24 h. The rest of the
half-seeds were not treated and were used as control. The
GUS and luciferase activities of the homogenized half-
seeds were measured. The GUS activities were normalized
against the luciferase activities of the corresponding sam-
ples. Four independent bombardments were done for each
combination of the plasmid constructs.

Maize embryogenic callus tissue was used for expressing
the DNA constructs Esid7-Act1-GUS, Esid74YORF_Actl-
GUS, Esid7*"'-Act1-GUS, and Esid7*"" AuORF_Act1-GUS
by particle bombardment. The callus tissue was maintained
in the AgNOj;-free callus maintenance medium for 2 weeks
before bombardment. Plasmid DNA concentration used for
shooting was adjusted to 1 ug pL.~ ! and each time 2.5 ug of
each DNA construct was used to coat gold particles. Plas-
mid pJD312 in which the gene for luciferase is controlled
by the cauliflower mosaic virus 35S promoter (Luehrsen et
al., 1992) was included in each bombardment as a control to
assay the efficiency of DNA delivery. Immediately after
bombardment, callus tissue was placed in the callus main-
tenance medium containing 20 um ABA and was incubated
at 25°C in the dark for 48 h. The control samples were
incubated in the same way, but ABA was not added to the
medium. The tissues were then homogenized and the GUS
and luciferase activities of tissue extracts were measured as
mentioned above. The statistical significance of the data
was determined by the Student’s ¢ test.

Construction of the Esi47 Phylogenetic Tree

The full-length amino acid sequence of the Esi47 protein
kinase was used in a BLASTP search for its most similar
protein kinases in the databases. The catalytic domain of
Esi47 was determined according to Hanks et al. (1988) and
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Hanks and Quinn (1991). The catalytic domains of the
Esi47-like kinases were then determined by aligning their
full-length amino acid sequences with that of Esi47. These
catalytic domain sequences were then aligned by the
CLUSTAL method (Higgins and Sharp, 1988) with the
PC/GENE computer software package (IntelliGenetics,
Mountain View, CA). The phylogenetic tree was thus built
based on the multiple sequence alignment.

ACKNOWLEDGMENTS

We thank Dr. Paul Joyce and Dr. William Zerges (Con-
cordia University, Montreal) for critical comments and
helpful discussions. We also thank the Arabidopsis Biolog-
ical Resource Center (Ohio State University, Columbus) for
providing Arabidopsis seeds and EST clones.

Received November 27, 2000; returned for revision Decem-
ber 15, 2000; accepted December 22, 2000.

LITERATURE CITED

Anderberg RJ, Walker-Simmons MK (1992) Isolation of a
wheat cDNA clone for an abscisic acid-inducible tran-
script with homology to protein kinase. Proc Natl Acad
Sci USA 89: 10183-10187

Blanc G, Barakat A, Guyot R, Cooke R, Delseny M (2000)
Extensive duplication and reshuffling in the Arabidopsis
genome. Plant Cell 12: 1093-1101

Bohnert HJ, Nelson DE, Jensen RG (1995) Adaptations to
environmental stresses. Plant Cell 7: 1099-1111

Bray EA (1997) Plant responses to water deficit. Trends
Plant Sci 2: 48-54

Bruce WB, Christensen AH, Klein T, Fromm M, Quail PH
(1989) Photoregulation of a phytochrome gene promoter
from oat transferred into rice by particle bombardment.
Proc Natl Acad Sci USA 86: 9692-9696

Colmer TD, Epstein E, Dvofik J (1995) Differential solute
regulation in leaf blades of various ages in salt-sensitive
wheat and a salt-tolerant wheat X Lophopyrum elongatum
(Host) A. Love amphiploid. Plant Physiol 108: 1715-1724

Damiani RD, Wessler S (1993) An upstream open reading
frame represses expression of Lc, a member of the R/B
family of maize transcriptional activators. Proc Natl
Acad Sci USA 90: 8244-8248

Devos KM, Gale MD (1997) Comparative genetics in the
grasses. Plant Mol Biol 335: 3-15

Devos KM, Gale MD (2000) Genome relationship: the
grass model in current research. Plant Cell 12: 637-646

Dubcovsky J, Galvez AF, Dvofik J (1994) Comparison of
the genetic organization of the early salt-stress-response
gene system in salt-tolerant Lophopyrum elongatum and
salt-sensitive wheat. Theor Appl Genet 87: 957-964

Dvorik J, Ross K (1986) Expression of tolerance of Na*,
K*, Mg?*, CI, and SO,*” ions and sea water in the
amphiploid of Triticum aestivum X Elytrigia elongata.
Crop Sci 26: 658-660

Ellis RP, Forster BP, Robinson D, Handley LL, Gordon
DC, Russell JR, Powell W (2000) Wild barley: a source of

1440

genes for crop improvement in the 21st century? J Exp
Bot 51: 9-17

Fiitterer J, Hohn T (1996) Translation in plants: rules and
exceptions. Plant Mol Biol 32: 159-189

Gallie DR (1996) Translational control of cellular and viral
mRNAs. Plant Mol Biol 32: 145-148

Galvez AF, Gulick PJ, Dvo¥ik J (1993) Characterization of
the early stages of genetic salt-stress responses in salt-
tolerant Lophopyrum elongatum, salt-sensitive wheat, and
their amphiploid. Plant Physiol 103: 257-265

Gibeaut DM, Hulett J, Cramer GR, Seemann JR (1997)
Maximal biomass of Arabidopsis thaliana using a simple,
low-maintenance hydroponic method and favorable en-
vironmental conditions. Plant Physiol 115: 317-319

Goémez-Cadenas A, Verhey SD, Holappa LD, Shen Q, Ho
THD, Walker-Simmons MK (1999) An abscisic acid-
induced protein kinase, PKABA1, mediates abscisic acid-
suppressed gene expression in barley aleurone layers.
Proc Natl Acad Sci USA 96: 1767-1772

Gulick P, Dvofdk J (1987) Gene induction and repression
by salt treatment in roots of the salinity-sensitive Chinese
Spring wheat and the salinity-tolerance Chinese
Spring X Elytrigia elongatum amphiploid. Proc Natl Acad
Sci USA 84: 99-103

Gulick PJ, Dvotdk J (1990) Selective enrichment of cDNAs
from salt-stress-induced genes in the wheatgrass, Lo-
phopyrum elongatum, by the formamide-phenol emulsion
reassociation technique. Gene 95: 173-177

Gulick PJ, Dvofak J (1992) Coordinate gene response to
salt stress in Lophopyrum elongatum. Plant Physiol 100:
1384-1388

Halfter U, Ishitani M, Zhu JK (2000) The Arabidopsis SOS2
protein kinase physically interacts with and is activated
by the calcium-binding protein SOS3. Proc Natl Acad Sci
USA 97: 3735-3740

Hanks SK, Quinn AM (1991) Protein kinase catalytic do-
main sequence database: identification of conserved fea-
tures of primary structure and classification of family
members. Methods Enzymol 200: 38-62

Hanks SK, Quinn AM, Hunter T (1988) The protein kinase
family: conserved features and deduced phylogeny of
the catalytic domains. Science 241: 42-52

Hardie DG (1999) Plant protein serine/threonine kinases:
classification and function. Annu Rev Plant Physiol Plant
Mol Biol 50: 97-131

Higgins DG, Sharp PM (1988) CLUSTAL: a package for
performing multiple sequence alignment on a microcom-
puter. Gene 73: 237-244

Hinnebusch AG (1996) Translational control of GCN4:
gene-specific regulation by phosphorylation of elF2. In
JWB Hershey, MB Mathews, N Sonenberg, eds, Transla-
tional Control. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY, pp 199-244

Hirayama T, Oka A (1992) Novel protein kinase of Arabi-
dopsis thaliana (APK1) that phosphorylates tyrosine,
serine and threonine. Plant Mol Biol 20: 653-662

Holappa LD, Walker-Simmons MK (1995) The wheat ab-
scisic acid-responsive protein kinase mRNA, PKABAL, is
up-regulated by dehydration, cold temperature, and os-
motic stress. Plant Physiol 108: 1203-1210

Plant Physiol. Vol. 125, 2001



Hwang I, Goodman HM (1995) An Arabidopsis thaliana
root-specific kinase homolog is induced by dehydration,
ABA, and NaCl. Plant J 8: 37-43

Ingram J, Bartels D (1996) The molecular basis of dehy-
dration tolerance in plants. Annu Rev Physiol Plant Mol
Biol 47: 377-403

Lanahan MB, Ho THD, Rogers SW, Rogers JC (1992) A
gibberellin response complex in cereal a-amylase gene
promoters. Plant Cell 4: 203-211

Leung J, Bouvier-Durand M, Morris PC, Guerrier D,
Chefdor F, Giraudat J (1994) Arabidopsis ABA-response
gene ABII: features of a calcium-modulated protein
phosphatase. Science 264: 1448-1452

Leung J, Giraudat J (1998) Abscisic acid signal transduc-
tion. Annu Rev Plant Physiol Plant Mol Biol 49: 199-222

Leung J, Merlot S, Giraudat J (1997) The Arabidopsis
ABSCISIC-ACID INSENSITIVE 2 (ABI2) and ABII genes
encode homologous protein phosphatases 2C involved
in abscisic acid signal transduction. Plant Cell 9: 759-771

Liu J, Ishitani M, Halfter U, Kim CS, Zhu JK (2000) The
Arabidopsis thaliana SOS2 gene encodes a protein kinase
that is required for salt tolerance. Proc Natl Acad Sci
USA 97: 3730-3734

Lovegrove A, Hooley R (2000) Gibberellin and abscisic
acid signalling in aleurone. Trends Plant Sci 5: 102-110

Luehrsen KR, de Wet JR, Walbot V (1992) Transient ex-
pression analysis in plants using firefly luciferase re-
porter gene. Methods Enzymol 216: 397414

Martin GB, Brommonschenkel SH, Chunwongse J, Frary
A, Ganal MW, Spivey R, Wu T, Earle ED, Tanksley SD
(1993) Map-based cloning of a protein kinase gene con-
ferring disease resistance in tomato. Science 262:
1432-1436

McElroy D, Blowers AD, Jenes B, Wu R (1991) Construc-
tion of expression vectors based on the rice actin 1 (Act1)
5’ region for use in monocot transformation. Mol Gen
Genet 231: 150-160

McElroy D, Chamberlain DA, Moon E, Wilson KJ (1995)
Development of gusA reporter gene constructs for cereal
transformation: availability of plant transformation vec-
tors from the CAMBIA Molecular Genetics Resource Ser-
vices. Mol Breeding 1: 27-37

Plant Physiol. Vol. 125, 2001

Protein Kinase Gene Involved in Plant Hormone Signaling

McElroy D, Zhang W, Cao J, Wu Ray (1990) Isolation of an
efficient actin promoter for use in rice transformation.
Plant Cell 2: 163-171

McGuire PE, Dvofdk J (1981) High salt-tolerance potential
in wheatgrass. Crop Sci 21: 702-705

Meyer K, Leube MP, Grill E (1994) A protein phosphatase
2C involved in ABA signal transduction in Arabidopsis
thaliana. Science 264: 1452-1455

Moran TV, Walker JC (1993) Molecular cloning of two
novel protein kinase genes from Arabidopsis thaliana. Bio-
chim Biophys Acta 1216: 9-14

Ritchie S, Gilroy S (1998) Abscisic acid signal transduction
in the barley aleurone is mediated by phospholipase D
activity. Proc Natl Acad Sci USA 95: 2697-2702

Sambrook J, Fritsch FF, Maniatis T (1989) Molecular Clon-
ing: A Laboratory Manual, Ed 2. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY

Serrano R, Gaxiola R (1994) Microbial models and salt
stress tolerance in plants. Crit Rev Plant Sci 13: 121-138

Sheen J (1996) Ca®"-dependent protein kinases and stress
signal transduction in plants. Science 274: 1900-1902

Shi H, Ishitani M, Kim C, Zhu JK (2000) The Arabidopsis
thaliana salt tolerance gene SOSI encodes a putative
Na*/H™" antiporter. Proc Natl Acad Sci USA 97:
6896-6901

Shinozaki K, Yamaguchi-Shinozaki K (1997) Gene expres-
sion and signal transduction in water-stress response.
Plant Physiol 115: 327-334

Skriver K, Mundy J (1990) Gene expression in response to
abscisic acid and osmotic stress. Plant Cell 2: 503-512

Straub PF, Shen Q, Ho THD (1994) Structure and pro-
moter analysis of an ABA- and stress-regulated barley
gene, HVAI. Plant Mol Biol 26: 617-630

Yoshiba Y, Kiyosue T, Katagiri T, Ueda H, Mizoguchi T,
Yamaguchi-Shinozaki K, Wada K, Harada Y, Shinozaki
K (1995) Correlation between the induction of a gene for
A'-pyrroline-5-carboxylate synthetase and the accumula-
tion of proline in Arabidopsis thaliana under osmotic
stress. Plant J 7: 751-760

Zhou J, Loh YT, Bressan RA, Martin GB (1995) The tomato
gene Ptil encodes a serine/threonine kinase that is phos-
phorylated by Pto and is involved in the hypersensitive
response. Cell 83: 925-935

1441



